Introduction
============

It is a well-known fact that the base composition of DNA sequences varies greatly between and within genomes but the reasons and evolutionary significance of these variations are still in large part mysterious. In mammalian and avian genomes, a significant heterogeneity of local GC-content has been reported at the approximately 100-kb scale ([@evu277-B8]; [@evu277-B49]). After decades of controversy ([@evu277-B7]; [@evu277-B29]; [@evu277-B26]; [@evu277-B5]; [@evu277-B17]), it is now widely accepted that this intragenomic variation is caused in the first place by GC-biased gene conversion (gBGC), a recombination-associated segregation distortion that favors GC over AT alleles and results in an increased GC-content in high-recombining regions ([@evu277-B25]; [@evu277-B34]; [@evu277-B58]; [@evu277-B64]; [@evu277-B62]; [@evu277-B90]; [@evu277-B19]; [@evu277-B20]; [@evu277-B21]; [@evu277-B66]).

The discovery of gBGC had important consequences regarding population and functional genomics, especially in mammals, in which gBGC has been shown to 1) mimic the effects of adaptive evolution, thus confounding positive selection event inferences ([@evu277-B89]; [@evu277-B31]; [@evu277-B6]; [@evu277-B77]); and 2) generate a substantial load of deleterious mutations, thus affecting the fitness of individuals and populations ([@evu277-B32]; [@evu277-B36]; [@evu277-B69]; [@evu277-B12]). The gBGC hypothesis has also the merit of reconciling compositional and karyotypic evolutionary patterns. GC-content is negatively correlated with chromosome length in several vertebrate species ([@evu277-B49]; [@evu277-B48]; [@evu277-B38]; [@evu277-B59]), which is expected under a gBGC scenario due to the higher per megabase recombination rate in small compared with long chromosomes resulting from the occurrence of at least one (and rarely more) event of cross-over per chromosome arm per meiosis ([@evu277-B52]; [@evu277-B54]). In many respects, the focus in studies of GC-content variation in mammals and birds has therefore shifted to questions related to the origin, evolution, mechanism, and genomic impact of gBGC (e.g., [@evu277-B78]; [@evu277-B67]; [@evu277-B2]; [@evu277-B50], [@evu277-B51]; [@evu277-B65]).

Interestingly, the genomes of teleost fishes and amphibians are much less heterogeneous than those of mammals and birds regarding base composition ([@evu277-B9]; [@evu277-B18]), despite the evidence for substantial within-genome variation in recombination rate in these groups (e.g., [@evu277-B44]; [@evu277-B55]; [@evu277-B70]). This conspicuous difference in GC-content landscape between taxa casts some doubts about the generality of the gBGC mechanism across vertebrates. Rather, this observation suggests that gBGC appeared in an ancestral amniote and was inherited by both mammals and birds ([@evu277-B21]), or has evolved independently in each of the two groups of warm-blooded vertebrates. However, such a (relatively) recent origin of gBGC within vertebrates appears uneasy to reconcile with the numerous pieces of evidence supporting a wide prevalence of gBGC across many eukaryotic taxa ([@evu277-B10]; [@evu277-B37]; [@evu277-B57]; [@evu277-B24]; [@evu277-B45]; [@evu277-B46]; [@evu277-B74]), which speaks in favor of an ancient origin of this molecular mechanism.

Reptiles stand as the key group to progress with the issue of gBGC and GC-content evolution in vertebrates. The paraphyletic reptiles form with birds the clade of Sauropsida, which is the sister group of mammals. Nonavian sauropsids include more than 7,500 extant species, including approximately 7,200 squamates (lizards and snakes), approximately 300 turtles, approximately 30 crocodilians, and the 2 tuataras, with a wide variety of morphological, ecological, and genomic traits ([@evu277-B84]; [@evu277-B72]; [@evu277-B43]). Given their phylogenetic position, reptiles are crucial for our understanding of the evolution of genomic landscapes and the origin of gBGC in vertebrates.

Reptiles have long been neglected in genomic studies, so that the study of base composition in this group has first relied on just a limited number of protein-coding sequences (CDS). These early analyses suggested that the distribution of GC-content at third-codon positions of CDS (GC3) in crocodilians and turtles was quite similar to that of mammals and birds ([@evu277-B42]; [@evu277-B17]; [@evu277-B16]). Consistent with these reports, the genome of the western-painted turtle *Chrysemys picta* showed a substantial level of GC-content heterogeneity---although not as strong as in human or chicken ([@evu277-B83]). These results are consistent with the hypothesis of a unique origin of gBGC and GC-content heterogeneity in an ancestral amniote. In squamates, the evidence from coding sequence GC3 was scarcer ([@evu277-B28]). Very surprisingly, the complete genome sequence of the green anole lizard *Anolis carolinensis* revealed a highly homogeneous genomic GC-content ([@evu277-B1]). GC-content heterogeneity in *A. carolinensis* was even weaker than in the amphibian *Xenopus tropicalis*, as demonstrated by the detailed study of [@evu277-B30]. The lack of GC-rich regions in, especially, the microchromosomes of *A. carolinensis* led to the suggestion that gBGC was no longer at work in this lineage ([@evu277-B30]). Consistently, the recently published python snake (*Python molurus bivittatus*) genome was also compositionally quite homogeneous, albeit more heterogeneous than the green anole ([@evu277-B13]).

The above-reviewed literature on reptile GC-content variation is based on various kinds of data and methods, separately applied to distinct species. The important group of squamates, furthermore, has been insufficiently sampled so far. This calls for a synthetic analysis of the evolution of base composition in reptiles and vertebrates in a phylogenetic context. This is the very goal of this study, in which we focus on GC3 as a marker of the evolutionary dynamic of base composition. The third-codon positions of CDS have several merits: 1) Coding sequence data are available in a large panel of reptilian species, whereas complete reptilian genomes are still scarce; 2) third-codon positions are only moderately affected by natural selection; 3) they are essentially immune from insertions and deletions, which are strongly counterselected in CDS; 4) consequently, they can be aligned across even distantly related species. Third-codon positions thus offer a unique opportunity to analyze long-term patterns of nucleotide substitution at nearly neutral markers.

We built a data set of CDS data from 44 representative species of vertebrates including the newly sequenced transcriptomes of seven sauropsids (five reptiles and two birds) and one amphibian. We report that reptiles, and particularly the green anole, exhibit a level of GC3-heterogeneity comparable to that of mammals and birds, revealing a conflicting signal between third-codon positions and noncoding DNA. We also report a significant impact of chromosome and genome size on GC3 dynamics in vertebrates, including the green anole. Our results suggest that gBGC is of ancient origin in vertebrates and has impacted the neutral nucleotide substitution process in all vertebrate lineages, even though this is not always reflected by a strong GC-heterogeneity in the genomic landscapes of extant species.

Materials and Methods
=====================

Sample Collection, RNA Extraction, and Sequencing
-------------------------------------------------

Five reptilian, two avian, and one amphibian species were sampled for this study: The golden tegu *Tupinambis teguixin*, the green iguana *Iguana iguana*, the *Boa constrictor*, the Jesus Christ lizard *Basiliscus plumifrons*, the Nile crocodile *Crocodylus niloticus*, the great tit *Parus major*, the emperor penguin *Aptenodytes forsteri*, and the fire salamander *Salamandra salamandra* ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) online). One individual from each species was collected in France from the Pierrelatte zoo (Nile crocodile), the Montpellier zoo (other reptiles), or in nature (great tit: Montpellier; emperor penguin: Terre Adélie, Antarctic; fire salamander: Banyuls). RNA was extracted from tail (fire salamander), pectoral muscle (emperor penguin), or blood (other species) samples using standard and modified protocols as described in [@evu277-B15] and [@evu277-B35]. Nonnormalized cDNA libraries were prepared and sequenced on a Hiseq 2000 (Illumina, Inc.) to produce 100-bp reads. Reads were trimmed for low quality (phred quality score \< 30) and minimum size (60 bp). All reads are available on the ncbi website (<http://www.ncbi.nlm.nih.gov/>, last accessed January 13, 2015) through the BioProject PRJNA268920.

Transcriptome Assembly and Coding Sequence Prediction
-----------------------------------------------------

In 15 additional reptile species, RNA sequencing (RNA-seq) reads or contigs were obtained from the literature: *Podarcis* sp., *Phrynopshilarii, Caretta caretta, Emys orbicularis, Chelonoidis nigra, Caiman crocodilus, Alligator mississipiensis* (assembled from National Center for Biotechnology Information \[NCBI\] SRA SRX012365) from [@evu277-B14], *Pelodiscus sinensis* (NCBI SRA DRX001551), *Sphenodon punctatus* ([@evu277-B63]), *Chamaeleo chamaeleon* ([@evu277-B4]), *Pogona vitticeps* ([@evu277-B85]), *Elaphe guttata* ([@evu277-B85]), *Thamnophis elegans* ([@evu277-B81]), *Ophiophagus hannah* (NCBI SRA SRX365144), and *A. carolinensis* (NCBI SRA SRR391650). Four representatives mammals (*Homosapiens, Mus musculus, Monodelphis domestica*: [@evu277-B73], and *Bos taurus:* NCBI SRA SRX477519) as well as two birds (*Gallus gallus*: NCBI SRA SRX191158 and *Anas platyrhynchos*: NCBI SRA SRX255765). and one basal sarcopterygian (*Protopterus annectens*: [@evu277-B14]) species were also retrieved from public databases.

De novo transcriptome assembly was performed with a combination of Abyss and Cap3 programs following the strategy B of [@evu277-B11]. Open reading frames (ORFs) were predicted using the program getORF included in the EMBOSS package. ORFs shorter than 200 bp were discarded. This transcriptome-based data set includes 30 species of which 20 reptiles ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) online).

Annotated CDS from Complete Genomes
-----------------------------------

In addition, we also built a data set of CDS annotated from complete genomes---the genome-based data set ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) online). Complete sets of CDS were retrieved from Ensembl using the biomart tool for 21 vertebrate species of which seven sauropsids (two reptiles and five birds), six mammals, one amphibian and seven bony fish, eight of these species being also present in the transcriptomic data set (*A. carolinensis*, *Pe. sinensis*, *G. gallus*, *Ana. platyrhynchos*, *H. sapiens*, *M. musculus*, *Bos taurus,* and *Mo. domestica*). When several transcripts were obtained for a single gene, we retained the longest one. All identified mRNA from the complete genome of the western painted turtle *Chr. picta* ([@evu277-B83]) were also added to this data set.

Species name abbreviations are used in [figures 1](#evu277-F1){ref-type="fig"} and [3](#evu277-F3){ref-type="fig"} (ALL, *Alligator mississippiensis*; ANA, *Ana. platyrhynchos*; ANO, *A. carolinensis*; APT, *Aptenodytes patagonicus*; BAS, *B. plumifrons*; BOA, *Boa constrictor*; BOS, *Bos taurus*; CAI, *Cai. crocodilus*; CAR, *Car. caretta*; CHA, *Cha. chamaeleon*; CHE, *Che. nigra*; CHR, *Chr. picta*; CRO, *Cr. niloticus*; DAN, *Danio rerio*; ELA, *El. guttata*; EMY, *Em. orbicularis*; FIC, *Ficedula albicollis*; GAD, *Gadus morhua*; GAL, *G. gallus*; GAS, *Gasterosteus aculateus*; HOM, *H. sapiens*; IGU, *I. iguana*; LAT, *Latimeria chalumnae*; MEL, *Meleagris gallopavo*; MON, *Mo. domestica*; MUS, *M. musculus*; MYO, *Myotis lucifugus*; OPH, *O. hannah*; ORN, *Ornithorhynchus anatinus*; ORY, *Oryzias latipes*; PAR, *Parus caeruleus*; PEL, *Pe. sinensis*; PHR, *P. hilarii*; POD, *Podarcis* sp; POG, *Po. vitticeps*; PRO, *Pr. annectens*; SAL, *S. salamandra*; SPH, *Sp. punctatus*; TAE, *Taeniopygia guttata*; TAK, *Takifugu rubripes*; TET, *Tetraodon nigroviridis*; THA, *Th. elegans*; TUP, *T. teguixin*; XEN, *X. tropicalis*). F[ig]{.smallcaps}. 1.---Distribution of GC3 across genes and species in vertebrates. (*A*) Relationship between across-genes GC3 average and standard deviation: Genome-based data set; each dot is for a species; blue, bony fish; purple, amphibians; red, mammals; light green, birds; dark green, nonavian reptiles; for species name abbreviations, see Materials and Methods. (*B*) Relationship between across-genes GC3 average and standard deviation: Transcriptome-based data set; same legend as above. (*C*) Relationship between GC3 average of the 10% poorest (bottom-most regression) and 10% richest (uppermost regression) genes and GC3 average. (*D*) Distribution of gene GC3 in green anole (dark green), chicken (light green), human (red), and clawed frog (purple): Genome-based data set.

Orthologous Genes and Alignments
--------------------------------

A set of orthologous sequences was built with the OrthoMCL software ([@evu277-B53]) on amino acid-translated sequences with default parameters. We run the program only using the 21 reptiles of this study to maximize the number of shared clusters for these species. We selected among all returned orthologous clusters the ones including at least 18 of the 21 reptilian species and no more than four ORFs per cluster for a particular species. When several ORFs were returned in a cluster for a single species, we retained the longest one. This procedure resulted in a total of 1,025 genes.

Orthologous genes from all other vertebrates taken from Ensembl (19 species) were added to the above defined clusters thanks to the Ensembl predictions of orthology with *A. carolinensis* and *Pe. sinensis*. Each cluster was then aligned with the MACSE program ([@evu277-B76]), which aligns based on amino acids but allows for frameshifts at the nucleotide level when this results in a significant alignment improvement. Finally, alignments were restricted to third-codon positions having less than 40% missing data, leading to a concatenated alignment of 500 kb for 40 species.

Phylogeny and Divergence Dates
------------------------------

The topology of the phylogenetic tree for our set of vertebrate species was adapted from reference phylogenies: [@evu277-B68] for actinopterygii (ray-finned fishes), [@evu277-B61] for mammals, [@evu277-B60] for birds, [@evu277-B56] for crocodilians, [@evu277-B40] for testudines, and [@evu277-B75] for squamata.

Divergence dates were retrieved from the TimeTree of Life database (<http://www.timetree.org>, last accessed December 18, 2014 ) that combines both paleontological and molecular dating estimates. When divergence dates were inconsistent with the topology (older nodes being assigned an earlier divergence), all the concerned nodes were placed at the most ancient date and when no date was available (*Emys*--*Chrysemys* and *Anolis*--*Iguana* ancestral nodes), we used the mean between the two neighboring nodes. The effect of phylogenetic dependence on correlations was tested through the method of phylogenetically independent contrasts ([@evu277-B27]) with the "ape" R package, using divergence dates as branch lengths.

Ancestral GC3 Estimation
------------------------

Ancestral GC3 was estimated for all nodes of the tree separately for each of the 1,025 genes using the NHML program ([@evu277-B33]), implemented in the bpp_ML programs ([@evu277-B22]). This method uses a nonhomogeneous and nonstationary Markov model of nucleotide evolution to estimate branch-specific GC-content in a maximum-likelihood framework. This program has been used and tested in a large variety of studies ([@evu277-B78], [@evu277-B79]; [@evu277-B30]).

C-Value and Karyotypes
----------------------

We retrieved all available C-values from the Animal Genome Size database ([@evu277-B39]) as a proxy for genome size. When several measures were available for a given species, we took their mean, and the mean of the genera if the species was not available. C-values were obtained for 20 of the 22 species of the genome-based data set.

Karyotypic information provided by Ensembl was used for the 11 species for which it was available and the standard deviation in chromosome length was calculated (excluding the mitochondrial genome). To improve the sampling, karyotypic heterogeneity was also obtained in five additional species by measuring chromosome size from karyotype pictures (*A. mississipiensis*: [@evu277-B88]; *Pe. sinensis*: [@evu277-B80]; *El. guttata*: [@evu277-B3]; *X. tropicalis*: [@evu277-B87], and *Pr. annectens*: [@evu277-B71]). For comparative purpose, in each species the size of each chromosome was divided by the size of the longest one.

For the green anole and the chicken, which both exhibit a clear distinction in size between micro- and macrochromosomes, we also calculated the mean GC3 value of genes associated with each type of chromosomes using the chromosomal assignation of genes provided by Ensembl. Microchromosomes to which less than ten genes were assigned were not considered.

Results
=======

Diversity of GC3 Patterns in Vertebrates
----------------------------------------

To evaluate in what extent nonavian sauropsids exhibit GC-heterogeneity in their CDS, we calculated the mean and standard deviation of GC3 across genes in 21 reptilian species and compared them with 23 other vertebrate species. For comparability purposes, two distinct data sets were built. The first one, thereafter referred as the genome-based data set, included species for which the (almost) entire set of CDS was available thanks to annotations from fully sequenced genomes; the second one, called the transcriptome-based data set, included species whose CDS were assembled from RNA sequencing and might contain only a fraction of the total gene set and/or partial CDS. The median of analyzed genes among species was 15,289 in the genome-based data set and 9,707 in the transcriptome-based data set. Eight species for which both full genomes and RNA-seq data are available belong to the two data sets.

A similar picture was observed for the two data sets ([fig. 1](#evu277-F1){ref-type="fig"}*A* and *B*). Consistent with the literature, birds and mammals were found to be more GC3-heteregeneous than both amphibian and bony fish. Among mammals, the mouse and the opossum were the most GC3-homogeneous, consistent with previous reports. The three reptile species of the genome-based data set (green anole, painted turtle, and Chinese softshell turtle) harbored a level of GC3-heterogeneity similar to that of birds and mammals, and clearly above the heterogeneity of nonamniote vertebrates ([fig. 1](#evu277-F1){ref-type="fig"}*A*). In the reptile-rich transcriptomic-gene data set, reptile species again occupied the same range of GC3 and GC3-heterogeneity as birds and mammals ([fig. 1](#evu277-F1){ref-type="fig"}*B*) with no strong effect of taxonomy---species from major clades (squamata, crocodilia, or testudines) did not gather into clusters. Finally, reptiles exhibited a strong correlation between mean and standard deviation of GC3 (*r*^2^= 0.64, *P* \< 1 × 10^−4^; [fig. 1](#evu277-F1){ref-type="fig"}*B*), suggesting that the forces acting on GC richness simultaneously affect the GC-heterogeneity in this clade---a pattern that had already been observed within mammals ([@evu277-B78]).

Under the gBGC hypothesis, a relation between mean GC3 and GC3 standard deviation is expected if genes are differentially affected by gBGC depending on their local recombination rate. Using the transcriptome-based data set, we indeed observed that the GC-poor and GC-rich fractions of genes, here represented by the 10% GC3-poorest and richest genes, behaved very differently. The former varied only slightly among species, whereas the latter was highly variable and strongly correlated to the global mean GC3 (*r*^2^= 0.80, *P* \< 1 × 10^−12^; [fig. 1](#evu277-F1){ref-type="fig"}*C*). This demonstrates that the process of GC3-increase (or decrease) in amniotes does not apply uniformly across the genome but rather concerns in the first place a subset of the genes or genomic regions. No significant relation between mean GC3 and GC3 standard deviation was detected in nonamniote vertebrates, with for example actinopterygians covering a wide range of mean GC3 but exhibiting a very narrow range of GC3-heterogeneity ([fig. 1](#evu277-F1){ref-type="fig"}*A*).

Within reptiles, the green anole *A. carolinensis* revealed a striking homogeneity in its GC-content at the genomic scale ([@evu277-B30]). Surprisingly, no such homogeneity was observed here at the coding sequence level: The green anole even appears to be among the most GC3-heterogeneous reptiles in the transcriptome-based data set ([fig. 1](#evu277-F1){ref-type="fig"}*B*). This GC3-heterogeneity in the green anole is confirmed by a plot of its GC3-content gene distribution which much more resembles the one of the chicken than the one of the clawed frog *X. tropicalis* ([fig. 1](#evu277-F1){ref-type="fig"}*D*; [supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) online, for individual species GC3 distribution). Patterns of GC3 variation in reptiles therefore do not differ in any obvious way from those of birds and mammals, in which gBGC is documented.

Estimation of Ancestral GC3-Content
-----------------------------------

The observation that nonavian sauropsids do not express a distinctive behavior in terms of GC3 patterns suggests that GC3-heterogeneity could be an ancestral feature of amniotes. To clarify the origin and the dynamic of GC3-heterogeneity in amniotes, we extracted a set of 1,025 orthologous genes shared by our 21 reptilian species and an additional 19 vertebrate species and reconstructed the evolutionary dynamic of GC3 through a phylogenetic approach using a nonhomogeneous model of sequence evolution ([fig. 2](#evu277-F2){ref-type="fig"}; [supplementary figs. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) and [S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) online, for mean and equilibrium GC3-content reconstruction). F[ig]{.smallcaps}. 2.---Reconstruction of GC3-heterogeneity in vertebrates. An alignment of 1,025 orthologous genes was used. GC3-heterogeneity is shown along branches with a color code from green (low) to yellow and red (high). The green anole (*Anolis carolinensis*) position is indicated by an asterisk. The tree is a chronogram with branch lengths in million years.

Consistent with the above-stated hypothesis, the ancestral amniote was predicted to have been strongly GC3-heterogeneous: The estimated standard deviation of GC3 in this ancestor is similar to that of human. According to our reconstruction, this ancestral heterogeneity has been preserved, or even reinforced, in some lineages (e.g., passerine birds, sphenodon, platypus, nonrodent placental mammals), but was eroded to various extents in other groups, and particularly in squamates, whose ancestor is predicted to be GC3-homogeneous. The green anole *A. carolinensis* was not more GC3-eroded than its squamate relatives, and even showed a slight trend toward increased GC3-heterogeneity in its terminal branch. Interestingly, the ancestral tetrapode was also predicted by our analysis to have been highly GC3-heterogeneous, which would imply an even earlier emergence of this feature than previously thought, and a subsequent erosion in amphibians.

Influence of the Karyotype on Vertebrate GC3 Patterns
-----------------------------------------------------

In search for a mechanism responsible for the evolution of GC3-heterogeneity in amniotes, we investigated a potential effect of karyotype, based on the prediction that shorter chromosomes should exhibit a higher GC3-content under the gBGC hypothesis ([@evu277-B38]; [@evu277-B59]). We used the C-value of a genome as a proxy for its mean chromosome size, thus assuming that large genomes tend to contain large chromosomes and should therefore display a lower average GC3. Despite this simplification, we observed a strong and significantly positive correlation between C-value and mean GC3 across vertebrates (*r*^2^= 0.50, *P* \< 1 × 10^−3^) ([fig. 3](#evu277-F3){ref-type="fig"}*A*). This relationship was robust to the control for phylogenetic dependence by the method of independent contrasts ([@evu277-B27]) (*r*^2^= 0.41, *P* = 0.003). The C-value/GC3 relationship was particularly strong when the analysis was restricted to bony fish (*Pr. annectens* included, *r*^2^= 0.80, *P* = 0.002). This probably results from the fact that the fish species we analyzed have a similar number (around *n* = 22) of chromosomes that are very homogeneous in size within-species, making the C-value a very good proxy of average chromosome length. This result suggests that gBGC has been at work in all major vertebrate clades including nontetrapods, for which the wide range of mean GC3 could be explained by the large among-species differences in genome size. F[ig]{.smallcaps}. 3.---Influence of karyotype on GC3 in vertebrates. (*A*) Relationship between log(C-value) and mean GC3. (*B*) Relationship between log(chromosome size standard deviation) and GC3 standard deviation. Species from the genome-based data set are color-filled. Species from the transcriptome-based data set are represented in a colored ring and were not used in linear regression analysis. Color code: Same as [figure 1](#evu277-F1){ref-type="fig"}.

Using only species for which a full karyotype was available, we investigated the impact of variance in chromosome length on GC3-heterogeneity. We observed that the more heterogeneous karyotypes exhibit a higher heterogeneity in GC3-content (*r*^2^= 0.58, *P* = 0.002; [fig. 3](#evu277-F3){ref-type="fig"}*B*), a relationship that was robust to phylogenetic control (*r*^2^= 0.36, *P* = 0.03). Again, this observation reinforces the hypothesis of gBGC at work in all vertebrate lineages and provides a plausible explanation to the absence of GC3-heterogeneity in fish, which seems to be a consequence of their peculiar karyotypic structure.

Impact of Chromosome Size on GC-Content in the Green Anole
----------------------------------------------------------

Finally, we investigated in more details the particular case of the green anole for which coding and genomic regions have returned a conflicting signal regarding GC-content. We observed that in the green anole GC3 decreases with chromosome length in a way essentially similar to the chicken pattern ([fig. 4](#evu277-F4){ref-type="fig"}), and that microchromosomes (size \< 10 Mb, mean GC3 = 59.9%) are significantly higher in GC3 than macrochromosomes (size \> 80 Mb, mean GC3 = 47.2%, Student test: *P* \< 2.2e-16). This contrasts with the pattern observed for genomic GC-content, which shows no significant difference between chromosomes in *A. carolinensis*, but a substantial one in chicken ([@evu277-B30]; [fig. 4](#evu277-F4){ref-type="fig"}). F[ig]{.smallcaps}. 4.---Relation between chromosome size, genomic GC-content, and GC3 in the green anole and the chicken.

In order to investigate the recent dynamic of GC3 evolution in *A. carolinensis* we considered the GC3\* statistic, which corresponds to the equilibrium GC3 value toward which the species has been evolving. GC3\* was estimated through the previously described phylogenetic analysis of 1,025 orthologous CDS using a nonhomogeneous model of sequence evolution ([fig. 2](#evu277-F2){ref-type="fig"}). Two categories of genes were made depending on their location on either micro- or macrochromosomes. The average GC3 in microchromosomes was predicted to be increasing (mean GC3 for the 1,025 genes: 49.9%, GC3\*: 58.4%), whereas macrochromosomes appeared to be at equilibrium (GC3: 44.6%, GC3\*: 45.0%), again consistent with the hypothesis of active gBGC in the green anole.

Discussion
==========

Evolution of GC3 in Amniotes and Vertebrates
--------------------------------------------

Analyzing thousands of CDS from 44 species of vertebrates, we showed that the across-genes mean and variance of GC3 in nonavian sauropsids, although they vary between species, are essentially similar to those observed in mammals and birds. The GC3 variance in particular is generally higher in reptiles than in the fish and amphibian species we analyzed. This is true of squamates, turtles, crocodilians, and tuataras---the four main lineages of reptiles. Interestingly, the green anole is no exception: The distribution of GC3 in *A. carolinensis* is similar to the one observed in the chicken *G. gallus*. This is a surprising result given the very distinctive genomic patterns that were reported in these two species as far as genomic sequences are concerned: Chicken is a typical GC-heterogeneous species ([@evu277-B41]), whereas the green anole is a highly GC-homogeneous one ([@evu277-B1]; [@evu277-B30]). [Figure 1](#evu277-F1){ref-type="fig"} also demonstrates a positive relationship between the mean and variance of GC3 and a much stronger contribution of high-GC3 than low-GC3 genes to the between-species variation. This indicates that GC3-enrichment in GC3-rich genomes does not occur uniformly, but only affects a fraction of the genes. This is consistent with the idea of a spatially heterogeneous GC-increasing process---such as gBGC. A similar relationship has been previously reported in seed plants ([@evu277-B82]).

When we considered chromosomal locations, we found that in the green anole, just like in chicken, the average GC3 and GC3\* of genes located on microchromosomes are significantly higher than that of genes located on macrochromosomes ([fig. 4](#evu277-F4){ref-type="fig"}), as expected under the gBGC hypothesis. Genome size and chromosome size generally affect the dynamics of gene GC3 in vertebrates ([fig. 3](#evu277-F3){ref-type="fig"}), and this is true of *A. carolinensis* too. Again, this result is in apparent conflict with the report by [@evu277-B30] of a highly similar average genomic GC-content in micro- versus macrochromosomes. We are aware of five recent articles that compared GC-content between micro- and macrochromosomes in reptiles. Two of them used genomic, mostly noncoding data and detected no significant differences in *A. carolinensis* ([@evu277-B1]) and the central bearded dragon *Po. vitticeps* ([@evu277-B91]). The other three studies used third-codon positions and detected a significant excess of GC-content in microchromosomes in *A. carolinensis* (this study), the four-striped rat snake *Elaphe quadrivirgata* ([@evu277-B59]), and the Chinese softshell turtle *Pe. sinensis* ([@evu277-B48]). Clearly, the two kinds of data yield contradicting pictures.

Our phylogenetic reconstruction of former coding sequence base compositions suggests that both the amniote ancestor and the tetrapod ancestor harbored a substantial amount of GC3-heterogeneity across genes ([fig. 2](#evu277-F2){ref-type="fig"}). This is consistent with the hypothesis that the karyotype of ancestral amniotes and tetrapods did include microchromosomes, as suggested by ancestral chromosome reconstructions ([@evu277-B86]). We suggest that GC3 might serve as a useful marker of ancestral karyotypic structure in vertebrates, and possibly in other groups, given its tight relationship with chromosome size and our capacity to reliably trace its evolution through phylogenetic methods.

According to our phylogenetic analysis, the ancestral genome-wide heterogeneity in GC3 would have independently eroded in several lineages of tetrapods, such as marsupials and muridae, as previously documented ([@evu277-B78]). A similar erosion process is here predicted to have occurred in early amphibians and in early squamates, thus impacting the level of between-genes GC3-heterogeneity in these groups ([fig. 2](#evu277-F2){ref-type="fig"}). However, it is noteworthy that the current average and variance of GC3 in *A. carolinensis* are higher than that of its predicted recent ancestors, which is again at odds with the hypothesis of an interruption of GC-increasing molecular processes in this lineage ([@evu277-B30]).

gBGC, Transposable Elements, and the GC3 versus Genomic GC Discrepancy
----------------------------------------------------------------------

Various explanations have been proposed to explain the highly reduced genomic GC-content heterogeneity in *A. carolinensis*---weakened conversion bias, increased genetic drift, homogeneous recombination map---all of them invoking an arrest of the effective gBGC in this genome ([@evu277-B1]; [@evu277-B30]). However, if this hypothesis was true, we would expect third-codon positions to be similarly homogenized---which is not the case. The existence of many GC3-rich genes in the green anole genome, and especially in the presumably high-recombining microchromosomes, does not seem easy to reconcile with the hypothesis of an arrest of gBGC in this lineage. In contrast, our results suggest that gBGC is probably still active in *A. carolinensis*, despite the homogeneity of genomic GC-content in this species.

Several hypothesis might be considered to account for the discrepancy between GC3 and genomic GC-content in *A. carolinensis*. First, it might be that third-codon positions are affected by specific evolutionary processes, such as selection on synonymous codon usage, or particularly strong gBGC. Second, it might be that the genomic distribution of recombination hot spots in *A. carolinensis* is different from that of other amniotes and concentrated in genic or exonic regions, resulting in a coding sequence-specific GC-bias. Finally, the difference between GC3 and noncoding GC-content might be the consequence of insertions and deletions (indels), which affect noncoding DNA but are strongly counterselected in CDS. It should be noted that these hypotheses are not mutually exclusive.

To further explore these hypotheses, we correlated the GC-content of genes to coding sequence GC3 in the chicken and the green anole using Ensembl data. We detected a significant correlation between GC3 and genic GC-content in both species, albeit weaker in the green anole (chicken: *r*^2^= 0.75, *n* = 7,350 genes; green anole: *r*^2^= 0.35, *n* = 6,388 genes). We also correlated GC3 to GC-content at first (GC1) and second (GC2) positions of CDS, and again obtained highly significant correlation coefficients (GC3--GC1: *r*^2^= 0.50, GC3--GC2: *r*^2^= 0.26 for the green anole; GC3--GC1: *r*^2^= 0.54, GC3--GC2: *r*^2^= 0.33 for the chicken). These results demonstrate that the GC-bias we report in *A. carolinensis* is not restricted to third-codon positions but affects surrounding sites as well, rejecting the hypothesis that selection on codon usage is the main driver of GC3 in *A. carolinensis*.

Unlike CDS, the noncoding DNA of vertebrates undergoes frequent indels, and particularly frequent insertion of transposable elements (TE). The base composition of non-CDS is therefore affected not only by the nucleotide substitution process but also by the influx of elements whose GC-content typically differs from the substitutional equilibrium. Compared with birds and mammals, the green anole genome is characterized by an intense TE activity, as demonstrated by the large number of distinct families of relatively young repeated elements reported in this species ([@evu277-B1]). We therefore hypothesized that TE insertion could be a major driver of noncoding base composition in the green anole, acting to homogenize the GC-content landscape across chromosomes. To test this hypothesis, we retrieved the complete chromosomal sequences of the green anole from Ensembl, masking or not masking the repeated elements. Analyzing nonoverlapping windows of 3 kb with less than 20% missing data, we did not detect any difference in genomic GC-content heterogeneity between the masked and unmasked data set. In particular, microchromosomes and macrochromosomes were still indistinguishable in terms of GC-content after masking repeated elements. Therefore, if the discrepancy between GC3 and noncoding GC-content had to be explained by the process of insertions and deletions, this is apparently through nontransposable-element indels. Further data sets and analyses---for example, polymorphism data---will be necessary to investigate deeper the mystery of the GC3/noncoding GC-content discrepancy in this species.

Our analysis of existing and newly generated CDS suggests that gBGC is the main driver of GC3 evolution in all amniote and vertebrate lineages, not only mammals and birds. Interestingly, the effect of gBGC does not seem to impact the noncoding fraction of the genome to the same extent in all taxa: The correlation between GC3 and noncoding GC-content is high in some species (e.g., human and chicken), but low in others (e.g., green anole; [@evu277-B30]). Following [@evu277-B23], we therefore conclude that GC3 is not always a good proxy for genomic GC-content---and clearly one should not rely on GC3 to characterize the dynamics of noncoding base composition in *A. carolinensis*. On the other hand, we suggest that one should not rely on genome-wide patterns of GC-content to draw conclusions on the process of nucleotide substitution. The *A. carolinensis* example points to indel-free third-codon positions is a unique source of information regarding compositional biases of the nucleotide substitution process ultimately affecting the evolution of proteins.

Supplementary Material
======================

[Supplementary tables S1--S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) and [figures S1--S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu277/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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